1. We used the binaural beat stimulus to study the interaural phase sensitivity of inferior colliculus (IC) neurons in the cat. The binaural beat, produced by delivering tones of slightly different frequencies to the two ears, generates continuous and graded changes in interaural phase.
2. Over 90% of the cells that exhibit a sensitivity to changes in the interaural delay also show a sensitivity to interaural phase disparities with the binaural beat. Cells respond with a burst of impulses with each complete cycle of the beat frequency. The period histogram obtained by binning the poststimulus time histogram on the beat frequency gives a measure of the interaural phase sensitivity of the cell. In general, there is good correspondence in the shapes of the period histograms generated from binaural beats and the interaural phase curves derived from interaural delays and in the mean interaural phase angle calculated from them.
3. The magnitude of the beat frequency determines the rate of change of interaural phase and the sign determines the direction of phase change. While most cells respond in a phase-locked manner up to beat frequencies of 10 Hz, there are some cells that will phase lock up to 80 Hz. Beat frequency and mean interaural phase angle are linearly related for most cells.
4. Most cells respond equally in the two directions of phase change and with different rates of change, at least up to 10 Hz. However, some IC cells exhibit marked sensitivity to the speed of phase change, either responding more vigorously at low beat frequencies or at high beat frequencies. In addition, other cells demonstrate a clear directional sensitivity. The cells that show sensitivity to the direction and speed of phase changes would be expected to demonstrate a sensitivity to moving sound sources in the free field.
5. Changes in the mean interaural phase of the binaural beat period histograms are used to determine the effects of changes in average and interaural intensity on the phase sensitivity of the cells. The effects of both forms of intensity variation are continuously distributed.
6. The binaural beat offers a number of advantages for studying the interaural phase sensitivity of binaural cells. The dynamic characteristics of the interaural phase can be varied so that the speed and direction of phase change are under direct control. The data can be obtained in a much more efficient manner, as the binaural beat is about 10 times faster in terms of data collection than the interaural delay.
INTRODUCTION
By varying interaural delays of low-frequency tones, we showed in the previous paper (20) that many neurons in the inferior colliculus (IC) respond to differences in the interaural phase angle. While the interaural delay stimulus measures the responsiveness of cells at discrete interaural phase differences, it does not test dynamic phase characteristics like those generated in the free field by sound sources moving along the azimuth. One way to produce such contin-uous changes dichotically is to use a "binaural beat stimulus."
A binaural beat stimulus is generated by delivering to one ear a tone of a frequency slightly different from that delivered to the other ear. The beat, or difference, frequency is readily detected by human subjects provided the beat and carrier frequencies are within certain ranges (24). As early as 1907, Rayleigh (3 1) studied binaural beats and deduced some fundamental principles that govern the ability of the auditory system to use binaural cues for sound localization.
Rayleigh showed that humans can not only detect the beat frequency but also experience an illusion of movement within the head. He concluded from these experiments that the central nervous system (CNS) must preserve interaural time differences. The perception of binaural beats has subsequently been studied extensively (e.g., Refs. 22, 41) .
Despite the extensive literature on the perception of binaural beats, the physiological basis for this effect has largely been ignored. We know of only one physiological study that employed binaural beats systematically: Wernick and Starr (43) studied evoked responses in the superior olivary complex of the cat. They found evidence of binaural interaction in the form of a periodicity at the difference frequency that differed from the summed monaural responses. Indication of binaural interaction was present both in the frequency following response and in the amplitude of the slow potentials. Single-cell activity was not monitored.
Here we describe the responses of IC cells to a binaural beat stimulus. Since the binaural beat and interaural delay both vary the interaural phase difference (IPD), we begin by comparing the responses of IC neurons to these two types of stimuli. Next, we describe the response to changes in rate and direction of phase as well as the phase sensitivity of the responses to changes in intensity. Preliminary results have been presented earlier (2 1).
METHODS
The surgical preparation, acoustic stimulus delivery and calibration, and recording techniques have been described in the previous paper (20) . Briefly, recordings were made from single IC neurons in pentobarbital-anesthetized cats using indium microelectrodes. Stimuli were delivered dichotically through ear tubes placed near the tympanic membrane. The stimuli were generated with the Digital Stimulus System developed by Rhode (32), which allowed the frequency to be specified to a precision of 0.00 1 Yo. Usually, an online histogram binner was used to calculate period histograms binned on the period of the difference, or beat frequency. The normalized amplitude of the histogram (or synchronization coefficient) and mean interaural phase angle &, of the radius vector (13) were calculated along with the Rayleigh coefficient (33) to determine a statistical criterion for phase locking. Since all spike times were also recorded with an event timer, period histograms binned on other frequencies, dot rasters, or peristimulus time histograms could also be examined.
A diagram of the binaural beat stimulus is shown in Fig. 1 along with a schematic diagram of the perception of the sound by a human observer and, presumably, also by the cat. Initially the interaural phase difference is $ > 0.0 and the contralateral stimulus leads because it is higher in frequency. The phase lead increases at a constant rate until the two stimuli are 180" out of phase (4 = OS), at which point neither stimulus leads. Immediately thereafter the ipsilateral stimulus leads by almost half a cycle, and this lead diminishes at a constant rate until the two stimuli are back in phase (4 = 1 .O), at which point the cycle is repeated. The frequency with which this cycle repeats is equal to the beat frequency fb. Figure 1 (right) shows a schematic diagram of the presumed perception of the sound by the cat. At 6 = 0.0, the two stimuli are in phase, and the sound is presumably perceived to be on the midline. As the contralateral stimulus begins to lead (0 < 4 < OS), the sound starts to move toward the contralateral ear. When the two stimuli are 180" out of phase (4 = OS), the ipsilateral and contralateral stimuli are half a cycle apart and the stimulus can be interpreted either as a contralatera1 or ipsilateral lead. Immediately thereafter the ipsilateral stimulus leads so the sound becomes lateralized to the ipsilateral side during the time 6 > 0.5. As the phase increases toward 1.0, the sound moves back toward the midline. For a given distance between the ears, there is one carrier frequency whose period exactly matches twice the maximal interaural delay. For example, if the interaural distance is 13.3 cm, then the maximal interaural delay is 400 ps. For a sine wave of 1,250 Hz, whose period is 2 times 400 ps, the sound is lateralized fully to the contralateral ear when the stimuli are 1 80° out of phase (+ = 0.5). For carrier frequencies below 1,250 Hz, there is a period of ambiguity when the tone can be lateralized to either ear. This occurs when the phase lead exceeds the maximal interaural delay between the ears. To the left is a representation of the sinusoidal stimulus to the two ears. For illustrative purposes amplitudes of the two sine waves are drawn differently and they are superimposed to show the continuous shift in interaural phase difference. In this example the sine waves are initially in phase (4 = 0.0) with the frequency of the stimulus to the contralateral ear slightly higher (by fi,) than that to the ipsilateral ear. By convention we call this a positive beat frequency to distinguish it from one in which the contralateral frequency is lower. This figure depicts how signals slide gradually out of phase (4 = 0.5) and then back into phase (4 = 1 .O) through one complete cycle of fb. On the right is a schematic diagram of the presumed movement of this sound source, drawn as if it were projected outside the head. Arrows represent the direction of movement of the sound, and the dotted line represents the sudden movement from the contralateral to the ipsilateral side near the point 4 = 0.5.
For carrier frequencies greater than 1,250 Hz, C#I reaches 0.5 before the maximal interaural delay is reached, and the perceived sound source will not be fully lateralized to one ear before a jump to the other side occurs.
Two important features of the binaural beat stimulus are evident. Since the stimulus is repeated once for each period of fb, the speed with which the phase changes occur can be varied by adjusting the magnitude of fb. Furthermore, the phase change and the associated perceived movement are always in one direction through the entire cycle, and this direction can be reversed by switching the stimuli delivered to the two ears.
RESULTS

Comparison of interaural delay and binaural beat
The response of an IC neuron to a binaural beat stimulus is shown in Fig. 2 . The cell discharges three bursts during the 3 s duration of the stimulus, corresponding to the three complete phase shifts created by the lHz beat frequency (Fig. 24 . Thus, it responds maximally at a particular IPD in a manner similar to that described in the previous paper (20) . When presented with an interaural delay stimulus, the cell exhibits a cyclic function that reflects its sensitivity to IPD (Fig. 2B) . In order to compare the response of the cell to the two stimuli, we computed the binaural beat period histogram, which is obtained by binning the peristimulus time histogram of Fig. 2A on the period of fb (-1 Hz), and the averaged interaural phase curve, obtained by binning and averaging the interaural delay curve of Fig. 28 on the period of the stimulating frequency ( 1,100 Hz) (20). There is good agreement in the shapes of the resulting interaural phase curves, and the mean IPDs calculated from the radius vector differ by only 0.03 (Fig. 2C) . Thus the binaural beat period histogram yields similar information about the cell's interaural phase sensitivity as that obtained from the use of the interaural delay. This is one of the major conclusions of our study. Moreover, the binaural beat stimulus is much more efficient than the interaural delay; the data for the histogram of Fig. 2A took about 17.5 s to collect, while the delay curve in Fig. 2B required more than 120 s.
Similar comparisons of the binaural beat period histograms with the corresponding averaged phase curves for other IC cells confirm the correspondence between these two measures of the cells' interaural phase sensitivity (Fig. 3) . For most neurons the averaged phase curves display a single well-defined peak (20) , and the binaural beat period histograms behave similarly (Fig. 3&F) . When the averaged phase curve is bimodal (Fig. 3G-4 , the period histograms also exhibit this pattern. If the phase curve shows a high rate of discharge that is only weakly modulated (Fig. 3E) Fig. 1 that 0 < 4 < .5 represents an interaural phase with the contralateral stimulus leading and also that adopted for the interaural delay curves that a positive delay is a contralateral lead. In order to compare the relative amplitudes of the two curves, they have each been separately normalized to the maximal response. The mean interaural phase angle of the binaural beat period histogram is denoted 4 b, and of the averaged interaural phase curve by &.
follows this same shape. Furthermore, the mean IPDs calculated from both data sets are in good agreement, though there is often a difference in the degree of modulation ( Fig. 
30-I).
For any given cell when the carrier frequency is varied, the phase-locked response to the beat frequency can, in general, be evoked over the entire responsive range of the cell except at high carrier frequencies. The highest carrier frequency at which we can elicit a phase-locked response to the binaural beat is 2,800 Hz and many cells do not phase lock for carrier frequencies above about 2,000 Hz. Cells whose response areas straddle this limit typically show phase locking for carrier frequencies below 2,000 Hz, but above this value the cell responds without phase locking. The lower limit for the carrier frequency is 60 Hz in our sample. We will defer analysis of the responses to different carrier frequencies until the third paper in this series (47) .
All the responses illustrated in Fig. 3 are obtained with a beat frequency of tl Hz. Figure 4 shows, for the cell illustrated in Fig.  2 , the responses to different fb's, first with the contralateral frequency higher (Fig. 4A ) and then with the ipsilateral frequency higher (Fig. 4B ). The synchrony evident in the dot rasters and the phase locking of the period histograms each demonstrate that the cell discharges a burst of impulses at a particular IPD in both directions. At high beat frequencies the cell does not respond to every phase change, but when it responds it does so in phase. This behavior is reminiscent of the phase-locked responses commonly seen in VIIIth nerve fibers to the carrier frequency (34 aural beat and interaural delay results for nine different cells. All the curves were generated by the sequence of operations that is illustrated in Fig. 2 . In all cases fb is t 1 Hz, and the ordinate values have been normalized as in Fig to phase lock to high f& with the upper teraural phase curve should occur at a low limit being about 80 Hz in our sample.
fb. We generally used 1 Hz. The phase value To compare the interaural phase sensitivobtained at 1 Hz is a good estimate of the ity of the cells using binaural beats and in-y intercept of the linear regression line (Fig. teraural delays, the histograms shown in Figs. 5), which we call the static interaural phase 2 and 3 were all derived from the cell's response at a low fb, usually 1 Hz. The necessity of using a low fb is evident from Fig. 4 : there is a gradual phase shift as a function of fb in both directions of phase change. The relationship between fb and &, is a linear one (Fig. 5) ; the linear regression lines (calculated by the method of least squares) for all of the cells in our sample have a median correlation coefficient of 0.985 (mean = 0.938, n = 361 runs). Since the interaural phase curve is a determination of the cell's static interaural phase sensitivity, the binaural beat period histogram that best matches the average inangle.
Two other features are evident from Figs. 4 and 5. First, the estimates of the static interaural phase angle in the two directions of phase change are similar. When fb is negative, then either the abscissa has to be reversed (as in Fig. 4B ) or, equivalently, the histogram itself has to be flipped over (as in Fig. 2C ) before the mean phase angles in the two directions are comparable. Second, the slopes of the lines in Fig. 5 4 . Dot rasters and period histograms of an IC neuron in response to different beat frequencies and in the two directions of phase change. A: response of the cell to positive fb's. B: response of the cell to negative fb's. Each row of the dot raster represents a single 3,000 ms duration of the stimulus and the time of occurrence of each impulse is shown by a dot.The period histograms (right) were generated by binning the peristimulus time histograms on the period of fb from 1 Hz (bottom) to 16 Hz (top). Since fb varies in these runs, abscissas of the period histograms represent different times. To quantify the differences in interaural delay, we sought a correlation between the phase sensitivity obtained using the delay slopes of the phase versus beat frequency (&) and beat stimuli (&,), we compared & function and the latencies of response of the and &, for those cells in which stimuli were employed at the same carrier frequency and intensity level. The mean IPDs derived from the binaural beat and interaural delay are highly correlated, since the slope of the linear regression line approximates 45 O (slope = 0.94) and the correlation coefficient is 0.95 (P < 0.001) (Fig. 6) . The absolute value of the differences between the phase estimates has a mean of 0.06 of a cycle (SD = .06, median = 0.04, maximum = 0.3). Despite the resemblance in responses obtained with these two stimuli, some cells (9/ 130) that respond cyclically to the interaural delay do not discharge periodically to the binaural beat stimulus, while two cells display the opposite characteristic. This former figure may be an underestimate, since in later experiments we did not study cells that did not respond periodically to the binaural beat stimulus. All the cells that respond to one stimulus but not to the other are characterized by an onset response to monaural stimulation.
Since a linear relationship between phase and frequency is often associated with a time Fig. 4 show the response of an IC cell to dif-(and the ipsilateral frequency is fixed) should ferent rates of phase change in the two dibe equal to the transmission delay from the rections. We studied this dynamic phase sencontralateral ear. The only measure of transsitivity in 100 cells. The most common remission delay available is the spike latency.
sponse to different rates and directions of Unfortunately, we do not have accurate meaphase change is similar to that shown in Fig.  sures of the monaural spike latencies in our 4 -and is further illustrated in Fig. 7 . The cells data since many cells were studied with a respond with a similar number of impulses relatively small number of stimulus repetiin the two directions and at different fb's tions. For those units in which at least 10 (Figs. 4 and 7) . Since all histograms in Figs. repetitions of the monaural stimuli were de-7,8, and 9 are generated with stimuli of equal livered, the regression line between the slopes duration, the number of phase changes repand the mean first spike latency has a slope resented by the period histograms increases that clearly deviates from 1 .O and a low cor-linearly with the magnitude of the beat frerelation coefficient (slope = 0.20; r = 0. However, a number of IC neurons show a sensitivity to the rate of interaural phase change. Some cells respond better at high fb (Fig. 8A) , while others discharge more vigorously at low fb (Fig. 8B) . These cells could encode the speed of the phase change. Both of these cells respond at about the same discharge rate in the two directions, i.e., they have no directional preference. Unlike the responses illustrated in Fig. 7 , period histograms like those in Fig. 8A can be generated by a burst of a constant number of spikes at each phase change. On the other hand, the cell in Fig. 8B decreases its discharge markedly at higher fb's. The responses of a few cells, not shown, are rather sharply tuned to a narrow band of beat frequencies, usually about lo-25 Hz.
A small percentage (14%) of IC neurons are sensitive to the direction of interaural phase change (Fig. 9) . Our criterion for a directional response is that the number of spikes evoked by phase change in one direction be at least twice that evoked in the opposite direction. In both cases illustrated in Fig. 9 and in 1 l/ 14 cases, the cells discharge more vigorously when the frequency of the tone to the contralateral ear is lower than that to the ipsilateral ear. This corresponds perceptually to a sound source moving from the contralateral toward the ipsilateral ear.
An intriguing correlation exists between the response of directional cells to binaural beat and interaural delay stimuli. A large proportion of directional cells (lo/ 14) show a sensitivity to the sign of the interaural delay (20). Furthermore, 9 of 10 of these cells respond poorly both when the frequency of the tone to the ipsilateral ear is lower (for binaural beats) and also when the contralateral tone is delayed. Since both of these properties are rare, it seems likely that there is some causal relationship between them.
Efects of varying stimulus SPL
We investigated the effects on interaural phase sensitivity of variations in stimulus SPL using the binaural beat stimulus, in a manner similar to that described earlier for interaural delays (20). However, because of the efficiency with which we could collect binaural beat data, our sample is larger and a greater range of intensities is employed.
Two methods for studying the effects of changes in SPL on the phase sensitivity of IC neurons are diagrammed in Fig. 10 . The period histograms on the left show the responses of a cell with variations in interaural intensity difference (IID), while those on the right show responses of another cell to variations in average intensity. For the cell whose response is shown in Fig. lOA , stimulation of the contralateral ear evokes a sustained discharge. When the stimulus to the ipsilatera1 ear is below 50 dB SPL, there is little or no effect on this discharge. With higher intensities to the ipsilateral ear, the period histograms become phase locked to fb so that the discharge is modulated above and below the level set by the contralateral stimulus alone. Many other IC cells respond similarly. This cell is unusual in that &, does not show any phase shift when the ipsilateral intensity is increased above 50 dB SPL. For the response shown in Fig. lOB , the discharge rate is minimal at low intensity levels but still phase locked. As the intensitylevel to both ears is increased, the discharge rate increases and the cell continues to respond in a phaselocked manner. There is a small and orderly shift in q&, as the intensity level increases.
Using data like that illustrated in Fig. 10 , we can examine the effects of stimulus intensity on phase sensitivity of IC neurons. In order to select only those responses that clearly demonstrate an interaural phase sensitivity, we adopted the following criteria for responses of one cell with variations in IID. The contralateral stimulus was held at 50 dB SPL and the ipsilateral stimulus varied from 30 (bottom) to 70 dB SPL (top) at fb = +2 Hz. The mean interaural phase of those period histograms whose Rayleigh coefficients (3 1) were significant at the P < 0.00 1 level are denoted by q&,. B: responses of another cell with variations in intensity level to both ears, from 40 (bottom) to 80 dB SPL (top) at fb = -1 Hz. The mean interaural phase shows a small but systematic shift in this cell.
choosing the period histograms. We chose 10% of the maximum.
These criteria minionly period histograms with significant (P mize the possibility of including in the anal-< 0.00 1) Rayleigh coefficients, with synchroysis responses not phase locked to the beat nization coefficients greater than 0.2, and frequency. For example, the two histograms where the number of impulses was at least in Fig. 1OA at the lowest intensity levels are not included because their Rayleigh coefficients are not statistically significant. Furthermore, each intensity series must include at least three different intensity levels. Figure 1 IA and B graphs & versus average intensity and interaural intensity difference (IID), respectively. Each of the plots shows responses from two cells, one that is affected considerably by changes in intensity and one that is not. When tested at different frequencies, the phase shifts that occur with changes in intensity are, for most neurons, independent of frequency (Fig. 1 IA) . Phase shifts seen with the interaural delay stimulus are similar to those found with the binaural beat (Fig. 11 B, 80153-6 ).
Many cells show a systematic phase shift with variations in interaural intensity (Fig. 11 B and Ref. 20) . These orderly shifts suggest that the phase changes are due to systematic variations in timing as a function of SPL at some point in the afferent pathway. Furthermore, the direction of the shift is not random. Over two-thirds (40/58) of the cells show greater interaural phase lags as the contralateral intensity increases relative to the ipsilateral (e.g., cell 80253-6 in Fig. 11 B) . Two other cells exhibit systematic phase shifts at three different frequencies: above, below, and at the best frequency. In all cases, the phase shifts in the same direction, i.e., an increasing phase lag with increasing relative contralateral intensity.
To quantify the effects of intensity on IC neurons tested in this manner, we calculated the maximum phase change per decibel of intensity change for both kinds of intensity variations. This is essentially a calculation of the slopes of the lines shown in Fig. 11. Figure 12 summarizes the results for our entire sample (258 runs in 5 1 cells) in terms both of maximum phase change per decibel and of microseconds of interaural delay per decibel intensity. Figure 12A shows that as the average intensity level is varied, the change in mean IPD per decibel of SPL has a mean value of 0.0028. When transformed into time values (Fig. 12C) , the mean is 5.62 &dB. For variations in IID, the phase change per decibel of SPL change has a mean value of 0.0035 (Fig. 12B) ; the corresponding mean time change is 5.82 &dB (Fig. 120) . Similar results obtained from the interaural (80153-6) shows a large phase shift with interaural intensity changes. For the latter cell, the intensity sensitivity measured by the interaural delay stimulus is also plotted (x). All the binaural beat data were based on stimuli with fb = f 1 Hz and all satisified the criteria given in the text for statistical significance. These curves show examples of cells at either extreme in terms of sensitivity to SPL. delay stimuli are presented in the previous paper (20) .
Usually, the effects of changing IID were examined by holding the intensity to one ear constant while varying the intensity to the other ear. Unfortunately, this procedure changes the average intensity as well. However, we believe that the effects observed with variations in IID are not due to the effects of raising average intensity, since cells whose phase sensitivity is affected by IID are not necessarily affected in a similar manner by average intensity changes. The correlation tive spike discharge rate at all frequencies between the phase changes due to average intensity and those due to IID variations is (Fig. 13) . low (r = 0.08, n = 42, P > 0.05). Thus, cells that show large phase shifts with changes in DISCUSSION shift to variations IID may exhibit no phase in average intensity.
Eflects of varying stimulus frequency
The results demonstrate that I) the response of many cells in the cat IC to interaural delays can be predicted from their response to binaural beats, 2) a few cells exhibit a directional or speed sensitivity to interaural phase changes, 3) the cells respond as would be expected if the cat were to perceive binaural beats, and 4) the phase sensitivity of many cells is affected by variations in stimulus intensity.
A question first raised by Rose et al. (35) concerns the response of phase-sensitive cells to stimuli of different frequencies. We will consider this issue fully in the third paper of this series (47). In general, a cell will exhibit interaural phase sensitivity over its entire responsive area, provided the carrier frequency is less than 3,000 Hz. Results obtained from the interaural delay stimulus are similar to those obtained from the binaural beat in terms of the values of mean IPD, the shapes of the interaural phase curves, and the rela-
Comparison of interaural delays and binaural beats
A key finding of this study is the close correspondence in the responses of cells to bin- In all cases the intensity to both ears was 60 dB SPL and fb = -1 Hz. The solid lines are the averaged interaural phase curves for the same cell at the corresponding carrier frequencies. Both the period histograms and the averaged phase curves are normalized to their respective maximal discharge, both of which occur at 1, 600 Hz. The mean interaural phase angles for the binaural beat (&,) and interaural delay (&) curves are as indicated. aural beats and interaural delays. This agreement is reflected both in the shapes of the interaural phase functions (Figs. 2,3, and 13 ) and in the values of the IPD (Figs. 2, 3 , and 6). Although it is not possible to compare absolute spike counts, the plots in Fig. 13 show that when the spike counts are normalized at one frequency, the discharge rates show corresponding changes at other frequencies within the response area of the cell.
Since all previous studies of interaurally phase-sensitive cells used interaural delays, one may ask what advantages the binaural beat stimulus offers, given that similar results may be obtained. We feel that the binaural beat provides several important advantages. First, it supplies information that is not available with the interaural delays, namely, the dynamic characteristics of interaural phase sensitivity. The speed and direction of phase change are under direct control. This information is important for deducing the sensitivity of the auditory system to moving sound sources. Second, data collection with the binaural beat stimulus is much faster than with interaural delays, obviously an advantage for neurophysiological investigations. As Wernick and Starr (43) said, it "is an excellent paradigm for studying unit sensitivity to interaural phase relations as it provides an almost instantaneous record of a unit's behavior over the entire range of interaural phase differences."
The only other physiological study of binaural beats used evoked potentials in the superior olivary nucleus of the cat (43). The limits of the carrier frequency for binaural beats that we found (about 60-2,800 Hz) are within the broad limits reported by Wemick and Starr (43) and correspond to those found for cyclic delay curves (20, 35, 42) . The upper limit is below the approximate limit of phase locking (4-5 kHz) seen in cat VIIIth nerve fibers (18). Since the periodic response to the binaural beat is determined by the sensitivity of a cell to interaural phase differences, which in turn requires that the inputs from the two ears be phase locked (13), it is not unexpected that phase locking to the binaural beats is limited by the frequency limit for phase locking of the peripheral nerve fibers.
Recently, Moiseff and Konishi (26), in their study of the mesencephalicus lateralis pars dorsalis of the barn owl, illustrated one example of a neuron that responded cyclically to a binaural beat stimulus. The surprising aspect of this response is that the carrier frequency was 7,095 Hz, well above the limits found in the cat. Two possible explanations for this result are 1) the auditory nerve fibers in the barn owl are able to phase lock at much higher frequencies than the cat or 2) the cyclic response is due to acoustic cross talk. The upper limit for phase locking of auditory nerve fibers in songbirds (36) is similar to that reported in cats.
Dynamic phase sensitivity
The sensitivity of many IC cells to changes in the direction and magnitude of phase changes were studied using binaural beats. Most cells show relatively little sensitivity to these parameters. However, about 10% of the cells exhibit a directional sensitivity and there is a strong bias for stimuli in which the frequency to the contralateral ear is lower. These results imply that the cell would be sensitive to sound sources in a free field that create such a changing phase, i.e., movement along the azimuth in the direction toward the ipsilateral ear. Similarly there are also cells that prefer either low or high beat frequencies. In a free sound field these cells would be expected to discharge preferentially for slowly or quickly moving sound sources, respectively. However, the binaural beat stimulus does not mimic the interaural intensity and spectral differences that would be present under free-field conditions, so we may be underestimating the number of speed and directionally sensitive cells.
There are several reports of auditory cells sensitive to the direction of movement of auditory stimuli. Most of these have utilized free-field stimuli in an open room where stimulus parameters are difficult to control ( 14, 38). Altman (2) used dichotic clicks and found cells in the IC that were sensitive to the direction of phase change. Our results are consistent with his findings. It seems likely that the directional cells described in this paper are similar to those Altman has studied, since cells that show a directional response to the binaural beat stimulus behave similarly with binaural clicks (J. C. K. Chan and T. C. T. Yin, unpublished observations).
The ability of humans to localize moving sound sources has been studied in a few psy-choacoustical experiments. In a free sound field with a loudspeaker, the minimum audible angle was found to increase linearly with the velocity of the movement, from about 4" at a velocity of 2.8"/s to 21 O at 36O"/s (17, 29) . Altman and Viskov (3) found a similar function using dichotically presented clicks and measuring the difference limen as a function of the velocity of movement of the fused auditory image. The capacity of the cells in the IC to respond as the velocity of the phase change increases is much higher than these psychoacoustical limits. Most IC cells will phase lock to difference frequencies of 10 Hz, which corresponds to a perceived velocity of approximately 1,8OO"/s, and some neurons phase lock to beat frequencies of 80 Hz.
The close correlation between a directional response and an interaural delay curve that exhibits a sensitivity to the delay itself (Fig. 7 of Ref. 20 ) is of interest, since both of these properties are uncommon.
A cell that can detect the sign of the delay and responds at a particular IPD must be able to discriminate which stimulus was turned on first. A cell that phase locks to the binaural beat stimulus with a directional response must be sensitive to IPD but can also differentiate the direction in which the phase is changing. When the cell responds more vigorously for binaural beat stimuli with phase movement toward the ipsilateral ear, then it usually (9/ 10 times) also responds at a higher rate using interaural delays when the ipsilatera1 stimulus was delayed. Using a computer model of binaural interaction, we show in the final paper that this relationship may be generated by the presence of a presynaptic inhibitory collateral from one side to gate the input from the other side.
The linear relationship between & and fb (Fig. 5) for most cells suggests that the slope of this function can be related to a constant time delay in the neural pathway. A similar situation pertains to the phase locking of cells to the carrier frequency seen in most auditory nuclei, including the cochlear nucleus (23) and medial geniculate body ( 11). Good correspondence was found in both of these studies between the slope of the phase-frequency curve and the first spike latency. However, our estimates of this time delay derived from the mean first spike latency are poorly related to the slope of the phase-beat frequency plots. The poor correlation found in our study may be due to imprecise estimates of the spike latency or the fact that spike latency is a poor measure of transmission delay ( 13).
Perception of binaural beats
Since the results obtained here correlate well with human perceptual experience, it is likely that the response of such interaural phase-sensitive cells underlies our perception of binaural beats and, further, that the cat also perceives beats. If this is true, then we would expect cats to perceive binaural beats at carrier frequencies up to about 2,500 Hz. In various studies using human subjects, the upper limit of the carrier frequency for perception of binaural beats is reported to range from about 800 Hz (9, 22, 40) to 2,500 or 3,000 Hz (44). Recent studies appear to place this limit around 1, 400 Hz (24, 30) . Similarly, the uppermost frequency at which IPDs are discriminated in a dichotic situation is also approximately 1, 300 Hz (19, 48, 49) . Thus, there may be a difference in the upper limit of the perception of binaural beats when we compare the presumed boundary in cats (2,500 Hz) with the experimental results in humans (1, 200 Hz) .
There seems to be a similar species difference in the frequency at which interaural time disparities can no longer be used for sound localization and interaural intensity differences must be employed. In humans this crossover point is about 1,500 Hz (25, 39), while in cats it appears to be about 2,000-3,000 Hz (8). This difference may reflect differences in size of the head. In an animal with a larger interaural distance, the frequency at which the sound can fully lateralize to one ear (when the interaural phase is 0.5) is lower than that in an animal with a narrower head. For example, if the equivalent interaural distance is 500 ps, any tone above 1,000 Hz cannot lateralize completely because the maximal interaural phase difference is equivalent to a delay less than 500 ps. However, if the interaural distance is 250 ps, then this limit is 2,000 Hz. Another possible explanation exists if there is any difference in the ability of the VIIIth nerve fibers to phase lock in the two species. Information is available for the cat and monkey, where fibers stop phase locking for frequencies above about 4,000-5,000 Hz (4, 18) , but very little information is available for humans.
As the beat frequency is increased, human subjects report a change in the perceptual quality of the beating. Below about 3-5 Hz, there is a perceived movement (rotating tones) of the sound source within the head from ear to ear (30). As fb increases, the localization effect is replaced by a perception of a fluctuation in amplitude, which then gives way to a perception of "roughness," and finally to a perception of two tones. Possibly the localization and amplitude fluctuation effects are different phenomena, though both are dependent on the auditory system's ability to preserve phase information (30). Although a number of cells show speed-dependent effects, most cells in our sample respond similarly as the beat frequency is increased. Thus, it appears that in the IC the information related to localization and to amplitude fluctuations are carried by the same cells.
Eflects of varying stimulus intensity
With regard to the relationship between interaural phase and changes in intensity level, the histograms in Fig. 12 should be compared with their counterparts in the first paper of this series (Fig. 11 of Ref. 20) . In general, very similar values are found for the interaural delay and binaural beat stimuli. The mean change in phase per decibel change in average intensity level is 0.0033 for the delay runs and 0.0028 for binaural beats; corresponding values for IID shifts are 0.0040 for delays and 0.0035 for binaural beats. When transformed into time values, the means are almost identical. Thus, we have confirmed with both stimuli that the phase sensitivity of some IC cells is unaffected by changes in intensity, while that of others is markedly influenced with a continuous distribution between these extremes. Many studies have examined the effects of intensity changes on interaural phase sensitivity in several auditory nuclei. Most report that the rate of discharge is affected by intensity changes, as we have also found, but that the interaural phase is not appreciably influenced by alterations in either the average binaural intenstiy or IIDs (1, 6, 7, 12, 13, 28, 35) . However, the total sample from these earlier studies is approximately 30 cells, and there is no indication that a quantitative measure of phase (such as the mean phase angle of the radius vector) was applied nor is there any indication of the degree of phase shift observed. We have, in the present studies, 398 tests of such intensity sensitivity from 86 cells. We concur that some cells are relatively insensitive to intensity variations, but others show considerable phase shifts with changes in both average intensity and IID. One study of monaural and binaural phase locking in the cochlear nucleus and superior olivary complex (SOC) of kangaroo rats reports phase shifts with intensity that are similar to those we observed ( 10). The results from one SOC cell display a substantial shift in 4 (about 0.25 period/25 dB average intensity). Furthermore, with monaural stimulation there were phase shifts as high as 50 &dB, with a mean of 8 &dB.
It is known from psychoacoustic studies that an interaural time difference favoring one ear may be offset by an IID favoring the other ear (27). The magnitude of this timeintensity ratio varies considerably in different studies. The differences are attributable, at least partly, to the fact that when a tone is presented with conflicting time and intensity differences, subjects may hear two images in different locations in the head (16, 45) . One image appears to be sensitive primarily to time differences and is called the "time image," while the other is the "intensity image." The trading ratios for time images varies from 0.3 to 2.4 &dB for tones (45) and 2 to 35 &dB for clicks ( 15) . These values compare with the mean phase shift of 5 &dB change in IID seen in IC cells (Fig. 12 ), but as we shall see below, these results may not be relevant to time-intensity trading. The IIDs that would normally be encountered in the free field at the frequencies used in these studies are considerably smaller than the range of IIDs we employed. Below 300 Hz the IID measured in a cat is essentially 0 dB, and this difference rises to about 15 dB at 4 kHz (46). Despite the cat's smaller head size, these IIDs are similar to those measured in man (37), and the high directionality is achieved in the cat chiefly by the effects of the pinna. The interaural phase sensitivity of IC cells to intensity changes depends on the presence of phase locking in the discharge of the peripheral afferents (5, 13). We should, therefore, be able to correlate the intensity sensitivity of IC cells with the response of the peripheral elements of the auditory system to changes in intensity. Since the response of peripheral VIIIth nerve fibers, cells in the cochlear nucleus, and cells in the SOC all change their phase of discharge as a function of intensity (4, 10, 23) , we also expect to see shifts in &., with changes in IID. Our results confirm this expectation. Moreover, the direction of the phase shift is not random, since about two-thirds of the neurons respond with increasing IPDs to greater relative contralatera1 intensities. This implies that raising the contralateral intensity causes an increasing phase lag in the afferent fibers to the site of binaural interaction from the contralateral side.
These results are contrary to those expected from experiments with time-intensity trading in human subjects, which indicates that raising the contralateral intensity should cause a phase advance in the contralateral fibers that can be compensated by delaying the contralateral stimulus in time. Thus, our results lead to the idea that the "trading" of intensity for time is not due to simple temporal shifts as a result of intensity changes in the responses of central auditory neurons (sometimes referred to as the latency model). In this respect they are compatible with the finding that there are two images in the head when conflicting time and intensity cues are presented (45). Furthermore, such phase shifts have been observed in the cochlear nucleus (23). Since the phase shift was not always in the same direction, we would also expect some peripheral elements to show decreasing phase lags as the intensity increases. Anderson et al. (4) found that VIIIth nerve fibers of the squirrel monkey exhibit a phase lag with increasing intensity for stimulating frequences below the fiber's best frequency and a phase lead for frequencies above the best frequency. We have only limited data on the differential effects above and below the best frequency. Our results from two cells indicate that the direction of the phase shift does not change with frequency,
